Voltage-gated sodium channels are composed of a pore-forming a subunit and at least one auxiliary b subunit. Both b1 and b2 are cell adhesion molecules that interact homophilically resulting in ankyrin recruitment. In contrast, b1, but not b2, interacts heterophilically with contactin, resulting in increased levels of cell surface sodium channels. We took advantage of these results to investigate the molecular basis of b1-mediated enhancement of sodium channel cell surface density, including elucidating structure-function relationships for b1 association with contactin, ankyrin, and Na v 1.2. b1/b2 subunit chimeras were used to assign putative sites of contactin interaction to two regions of the b1 Ig loop. Recent studies have shown that GST-fusion proteins containing portions of Na v 1.2 intracellular domains interact directly with ankyrin G . We show that native Na v 1.2 associates with ankyrin G in cells in the absence of b subunits and that this interaction is enhanced in the presence of b1 but not b1Y181E, a mutant that does not interact with ankyrin G . b1Y181E does not modulate Na v 1.2 channel function despite efficient association with Na v 1.2 and contactin. b1Y181E increases Na v 1.2 cell surface expression, but not as efficiently as wild-type b1. b1/b2 chimeras exchanging various regions of the b1 Ig loop were all ineffective in increasing Na v 1.2 cell surface density. Our results demonstrate that full-length b1 is required for channel modulation and enhancement of sodium channel cell surface expression. Sodium channel b1 interactions with contactin and ankyrin (M4:00856) 
Summary
Voltage-gated sodium channels are composed of a pore-forming a subunit and at least one auxiliary b subunit. Both b1 and b2 are cell adhesion molecules that interact homophilically resulting in ankyrin recruitment. In contrast, b1, but not b2, interacts heterophilically with contactin, resulting in increased levels of cell surface sodium channels. We took advantage of these results to investigate the molecular basis of b1-mediated enhancement of sodium channel cell surface density, including elucidating structure-function relationships for b1 association with contactin, ankyrin, and Na v 1.2. b1/b2 subunit chimeras were used to assign putative sites of contactin interaction to two regions of the b1 Ig loop. Recent studies have shown that GST-fusion proteins containing portions of Na v 1.2 intracellular domains interact directly with ankyrin G . We show that native Na v 1.2 associates with ankyrin G in cells in the absence of b subunits and that this interaction is enhanced in the presence of b1 but not b1Y181E, a mutant that does not interact with ankyrin G . b1Y181E does not modulate Na v 1.2 channel function despite efficient association with Na v 1.2 and contactin. b1Y181E increases Na v 1.2 cell surface expression, but not as efficiently as wild-type b1. b1/b2 chimeras exchanging various regions of the b1 Ig loop were all ineffective in increasing Na v 1.2 cell surface density. Our results demonstrate that full-length b1 is required for channel modulation and enhancement of sodium channel cell surface expression.
Introduction
Voltage-gated sodium channels consist of a pore-forming a subunit and at least one b subunit (1) (2) (3) (4) . b1, b1A, and b3 non-covalently associate with a, while b2 and b4 are disulfide linked to a (4-7). b subunits have been shown to modulate channel kinetics and regulate cell surface expression of a subunits (5, 8) .
Sodium channel b subunits are unique among voltage-gated ion channel auxiliary subunits in that they also function as cell adhesion molecules (CAMs) 1 (9) . b1 and b2 interact with tenascin-C and tenascin-R resulting in cellular repulsion (10, 11) and participate in homophilic (b1-b1 or b2-b2) cell adhesion resulting in ankyrin recruitment to the plasma membrane at points of cell-cell contact (12) . Ankyrin recruitment by b1 is dependent on phosphorylation of an intracellular tyrosine residue, b1Y181. Phosphorylation of b1Y181, or mutation of the tyrosine to glutamate mimicking a phosphorylation state (b1Y181E), inhibits b1-mediated ankyrin recruitment (13) and results in b1 targeting to ankyrinindependent subcellular domains (14) . b subunits also participate in heterophilic cell adhesive interactions with other Ig superfamily CAMs. b1 interacts with contactin in vitro, resulting in increased Na v 1.2 cell surface expression without affecting channel function (15). Both b1 and b3 interact with neurofascin-186 (16) and the intracellular domain of b1 has been shown to interact with the receptor protein tyrosine phosphatase b (RPTPb) (17) .
The purpose of the present study was to determine the role of b1-mediated cell adhesive interactions in b1-mediated channel modulation and regulation of
Experimental Procedures
Antibodies-A pan-sodium channel antibody, anti-Sp-19, directed against a common peptide of the intracellular loop between domains III and IV of the asubunit, and the Na v 1.2 specific antibody, Sp 11 II, were obtained from Sigma.
Rabbit polyclonal antisera directed against an extracellular portion of b1, "b1 EX ", was described previously (12) . Rabbit polyclonal antisera to the extracellular domain of b2, "b2 EC " (18) , and the extracellular domain of b3 were generous gifts from Dr. William A. Catterall. Rabbit polyclonal antisera to contactin were generous gifts from Dr. Barbara Ranscht (Burnham Institute) (19, 20) and Dr.
James Salzer (New York University) (21) . Anti-mouse HRP-conjugated secondary antibody was obtained from Cell Signaling (Beverly, MA) and antirabbit HRP was purchased from ICN Pharmaceuticals (Aurora, OH). The ankyrin G -GFP construct was a generous gift from Dr. V. Bennett. Monoclonal GFP antibodies were obtained from Clontech (Palo Alto, CA) Generation and subcloning of cDNA constructs-Chimeras in which entire domains were exchanged between the b1 and b2 subunits were constructed using polymerase chain reaction (PCR) amplification of cDNA encoding the replacement domain, followed by two successive PCR reactions to generate the full length clone. The 5' forward and 3' reverse primers were designed with small segments of nucleotides encoding the native construct that flank the region being replaced, resulting in in-frame fusions between replacement cDNAs and the native subunit cDNA. b1-b2 Ig was constructed by replacing the B, C, C', C", D, E, F, and G b-sheets of the b1 Ig loop with the corresponding b-sheets of the b2 Ig loop. b1 Ig loop cDNA coded for amino acids F17 through V127, while the b2 Ig loop cDNA coded for amino acids L19 through V117. The final construct was ligated into pCR2.1 (Invitrogen, Carlsbad, CA), sequenced, and then subcloned into the Bam HI and Xho I sites of pcDNA3.1 Hygro (+) (Invitrogen).
To construct b2-b1 Ig , the b2 Ig loop was replaced with cDNA encoding the b1 Ig loop. The b1 Ig loop cDNA contained 5' and 3' flanking sequences derived from the corresponding b2 cDNA. The final construct was ligated into pCR2.1, sequenced, and then subcloned into the Bam HI and Xho I sites of pcDNA3.1 Hygro (-). b1/b1/b2 was generated by replacing the b1 juxtamembrane, transmembrane, and intracellular domains with the corresponding domains of b2.
The b2 juxtamembrane domain cDNA contained 5' flanking sequence derived from the corresponding b1 cDNA. The final construct was ligated into pCR 2.1, sequenced, and then subcloned into the Bam HI site of pcDNA3.1 Hygro (+).
b1 STOP was described previously (3, 22) . b3 cDNA was generated by PCR from a rat dorsal root ganglia cDNA library using primers generated against the 5' and 3' sequences of b3 (accession number: AF378093). Amplified cDNA was ligated into pCR3.1 (Invitrogen). b3 was subcloned into the Hind III and Xba I sites of pcDNA3.1 Zeo (+). cDNA encoding GFP was excised from pEGFP-N1 (Clontech) using Asp 718 and Not I restriction enzymes and the ends blunted using Klenow. b3-pcDNA3.1 Zeo (+) was digested with Not I and the ends were filled with Klenow. The GFP cDNA was ligated into b3-pcDNA 3.1 Zeo (+) and checked for directionality using an Apa I digest. Correct constructs were verified by sequencing. The stop codon in b3 was mutated from TAA to TAT using Quick Change mutagenesis, yielding an in-frame b3-GFP fusion protein. (ATCC, Manassas, VA). Cells stably expressing Na v 1.2, Na v 1.2/Cn, Na v 1.2/Cn/b2 and Na v 1.2/Cn/b1 have been described previously (8, 15, 23) .
cDNAs encoding b1, b1-b2 Ig , b2-b1 Ig , b1/b1/b2, b1 STOP (3, 22) , b2 (5), or b1Y181E (13) were cloned into the Bam HI and Xho I sites in pcDNA 3.1 Hygro (+) and 2 mg of each construct or 2 mg of b3-GFP cDNA were transfected into Na v 1.2/Cn cells at 80 % confluence using Fugene 6 (Roche). 24 h later, the cells were replated in the presence of DMEM supplemented with 5% FBS (Invitrogen), 1%
Pen/Strep (Invitrogen), 200 mg/mL Genetecin (Invitrogen), and 400 mg/mL Hygromycin B (Invitrogen). Colonies were expanded and expression was verified by Western blot using the b1 EX antibody (1:500) for b1, b2-b1 Ig , b1 STOP , and b1/b1/b2, the b2 EC antibody (1:200) for b2 and b1-b2 Ig , and the b3 antibody [ recorded on an IBM PC using the Clampex data acquisition system (Axon Instruments). Linear capacity currents were canceled using the internal voltage clamp circuitry. Residual linear currents were subtracted using the P/4 procedure (25, 26) . Signals were low pass filtered at 5 kHz using internal voltage clamp circuitry, and sampled at 50 KHz. The extracellular solution contained 130 mM NaCl, 4mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 5 mM glucose and 10 mM HEPES, adjusted to pH 7.4 with NaOH. Intracellular pipettes contained 105 mM CsF, 10 mM CsCl, 10 mM NaCl, 10 mM CsEGTA, and 10 mM HEPES, adjusted to pH 7.4
with CsOH.
Following break-in to the cell, a period of 6 minutes was allowed for peak current levels to stabilize before initiating the electrophysiological recording. The voltage dependence of channel activation was determined from the peak currents recorded during 190 msec long test pulses in the range -50 to +65 mV in 5 mV increments, following a 5 msec prepulse to -100 mV from a holding potential of -70 mV. Conductance (G) was calculated from peak current amplitude (I) according to G=I/(V-V rev ) where V is the test potential and V rev is the measured reversal potential. Inactivation curves were measured using 100 msec long prepulses in the range of -120 to 0 mV in 5 mV increments, followed by a test pulse to 0 mV, with a holding potential of -70 mV. Conductance-voltage curves and inactivation curves were fit with a Boltzmann relationship, G=1/(1 + exp((V-V 1/2 )/k)) where V 1/2 is the midpoint of the curve and k is a slope factor. The Student's t test was applied to the half-voltages of activation and inactivation (V 1/2 ) to determine whether any statistically significant differences exist between cells expressing Na v 1.2 alone and cells expressing Na v 1.2, b1, and contactin.
Current densities were calculated from measurements of peak current 
Results

The b1 Ig loop domain is required for b1-contactin interactions:
We reported previously that b1 interacts heterophilically with contactin, while b2 does not (15). The similarity in the predicted topology of b1 and b2 (5) allowed us to generate chimeras between these subunits by exchanging the B, C, C', C", D, E, F, and G b-sheets from the Ig loops of b1 and b2 in order to investigate the molecular basis of interaction of b1 with contactin ( Figure 1A) . The A-A' face regions of the Ig loops were left intact in each chimera. We also utilized the previously described b1 STOP truncation mutant to test the importance of the b1 intracellular domain in b1-contactin interactions (3, 22) . Contactin was coexpressed individually with each b subunit mutant in transfected CHL cells.
Lysates of the transfected cells were solubilized in Triton X-100 and immunoprecipitated with either non-immune IgG or anti-b-subunit antibodies.
Immunoblotting with anti-contactin antibody showed that b2-b1 Ig , b1 STOP , and wildtype b1 were able to associate with contactin ( Figure 1B ). Control IgG, b1-b2 Ig , and wildtype b2 were negative for contactin, despite immunoprecipitation of b1-b2 Ig and b2 with specific b subunit antibodies ( Figure 1C ). These results show that a region of the b1 Ig loop (residues 17 to 127) is critical for contactin binding.
Ankyrin interacts with both Na v 1.2 a and b1 subunits:
b1 subunits recruit ankyrin to the plasma membrane in response to homophilic adhesion and b1 subunits associate with both ankyrin B and ankyrin G in transfected cells (12, 13) . Two recent reports have shown that recombinant, GST-fusion proteins containing intracellular domains of Na v 1.2 bind to a GSTfusion protein containing the membrane binding domain of ankyrin G (27, 28) .
Ankyrin G and Na v 1.2 co-localize at axon initial segments and nodes of Ranvier (27, 29) . However, it has not been shown whether native Na v 1. b1Y181E is not able to recruit ankyrin in response to homophilic adhesion (13).
We next asked what effect this mutation has on a-b1 subunit association, b1-contactin association, and b1 subunit-mediated modulation of sodium currents. Figure 3A shows that sodium channel antibodies coimmunoprecipitate Na v 1.2 and b1Y181E, indicating that these two subunits associate in transfected CHL cells. In spite of their association, b1Y181E did not modulate Na v 1.2 currents (Figures 3C and D) . When comparing the half-voltages (V 1/2 ) of inactivation ( Figure 3D , closed symbols), Na v 1.2/b1Y181E/Cn expressing cells exhibited a comparable V 1/2 to Na v 1.2 alone, while the V 1/2 's for Na v 1.2/b1 and for Na v 1.2/b1/Cn were shifted approximately -10 mV compared to Na v 1.2 alone ( Figure 3D ; Table I ). b1Y181E also had no detectable effects on the V 1/2 of activation compared to wild type b1 ( Figure 3D , open symbols; Table I ). We have shown previously that b1Y181E participates in trans homophilic adhesion in Drosophila S2 cells but is unable to recruit ankyrin (13) . We next asked whether b1-contactin heterophilic adhesion was affected by the tyrosine to glutamate mutation at residue 181. Immunoprecipitation of b1 or b1Y181E from transfected cell lysates with anti-b1 EX antibody shows positive contactin staining for both subunits ( Figure 3B ). Thus, the residue b1Y181 is not critical for b1-mediated homophilic or heterophilic cell adhesion or for a-b1 subunit association, but b1Y181 is critical for ankyrin association and for modulation of Na v 1.2 kinetics.
b1 interactions with contactin and ankyrin are required to maintain high levels of cell surface sodium channels:
Co-expression of Na v 1.2 with b1 and contactin results in significant increases in sodium channel cell surface density as assessed by both electrophysiology and contains multiple extracellular and intracellular domains that must all be intact to produce maximal increases in sodium channel cell surface density in vitro.
Discussion
The extracellular and intracellular domains of b1 contain sites for a subunit interaction:
The b1 extracellular, juxtamembrane, and transmembrane domains are critical for channel gating and modulation of the voltage-dependence of TTX-sensitive sodium channels expressed in Xenopus oocytes (3, 22, (30) (31) (32) (33) (34) (35) . In mammalian cells, the entire b1 subunit, including the intracellular domain, is essential for modulation of both TTX-sensitive and TTX-resistant sodium channel currents (3, 32, 36) . A human b1 mutation responsible for Generalized Epilepsy with Febrile Seizures Plus type 1 that changes a critical Ig loop cysteine residue to tryptophan, results in the loss of b1-mediated modulation of Na v 1.2 and Na v 1.3 currents. A mutation in the intracellular domain of Nav1.5 that results in the disruption of b1 modulation of a has been implicated in Long-QT Syndrome type 3. We showed previously that b1 STOP does not modulate Na v 1.2 currents and our present results show that b1Y181E fails to modulate Na v 1.2 currents in spite of interaction of these two subunits. Taken together, these studies suggest not only that functional modulation of TTX-sensitive sodium channels by b1 is qualitatively different in mammalian cells compared to oocytes, but that TTX-sensitive and TTX-resistant sodium channel a subunits and b1 subunits have both intracellular and extracellular sites of interaction.
In addition to modulation of sodium channel electrophysiological function, b1 enhances channel expression at the plasma membrane of both oocytes and mammalian cells (6, 8) . Interactions between b1 and contactin result in even greater increases in channel cell surface expression in mammalian cells over that mediated by b1 alone (15). However, the domain(s) of b1 responsible for this by guest on September 1, 2017 http://www.jbc.org/ Downloaded from effect and for interaction with contactin were not investigated in our previous study. We show here that the b1 Ig loop is essential for b1-contactin interactions and that the Ig loop, juxtamembrane, and intracellular domains of b1 are all critical for full b1-mediated enhancement of cell surface sodium channel expression.
Na v 1.2 and b1 interact with ankyin G :
GST-fusion proteins containing intracellular loop regions of Na v 1.2 interact directly with a GST-fusion protein containing the membrane binding domain of ankyrin G (27, 28) . We show that Na v 1.2 interacts with ankyrin G in vitro, supporting the fusion protein studies and expanding on them to show the association of native Na v 1.2 and ankyrin G in a heterologous expression system in the absence of b subunits. The low level of ankyin G immunoreactivity observed for Na v 1.2 alone may reflect weak Na v 1.2-ankyrin interactions or may be the result of the low level of sodium channel cell surface expression in the Na v 1.2 cell line such that only a limited percentage of total, cellular sodium channels are present at the plasma membrane and thus available to interact with ankyrin G . Coexpression of b1 with Na v 1.2 increases the level of ankyrin G that can be immunoprecipitated with Na v 1.2 antibodies. In contrast, and as predicted by our previous results (13) , coexpression of b1Y181E with Na v 1.2 does not increase the association of sodium channels with ankyrin G , even though b1Y181 does increase the level of cell surface sodium channel expression. Thus, we propose that Na v 1.2 and ankyrin G interact weakly in the absence of b subunits, but that this interaction is strengthened by the addition of non-phosphorylated b1 subunits. In previous studies, GST-fusion proteins containing only the b1 intracellular domain did not bind ankyrin G (27, 28) . We propose that b1-ankyrin interactions are secondary to b1-b1 homophilic adhesion. Thus, while sodium channel a subunits may bind ankyrin constitutively, b1-ankyrin interactions are most likely regulated by outside-in signaling via the b1 Ig loop, juxtamembrane, and transmembrane domains.
b1Y181E associates with Na v 1.2 but does not modulate Na v 1.2 currents:
b1-mediated ankyrin recruitment is regulated by phosphorylation of b1Y181 (13). 
Conclusion:
Our data support the hypothesis that sodium channel b1 subunits are multifunctional, participating in channel modulation, regulation of channel cell surface expression, and cell adhesion. Our results, in combination with previous studies, have allowed us to construct a structure/function map for b1 (Fig. 5) . The localization of non-phosphorylated b1 and phosphorylated b1 subunits to ankyrincontaining and ankyrin-independent domains, respectively, in cardiac myocytes (14) . It is interesting to note that, thus far, we have not been able to identify regions of b1 that separate its cell adhesive interactions from its channel modulatory properties. Our present results lend insights into the domains of b1 involved in cell adhesion and sodium channel current modulation and this information may lead to additional assignment of b1 structure-function relationships in the future. Equal cell volumes were used for each immunoprecipitation. Residues that have been determined to be critical for a subunit association or modulation are black (22, 30) . The GEFS+1 C121W mutation (equivalent to C102 using the amino acid numbering system originally proposed in (6)) is indicated in gray. The b1/b1A splice site is indicated in gray. Putative sites of Nlinked glycosylation are indicated as squares. The extracellular domain has been shown to be critical for a-b1 subunit interactions as well as cell adhesion while the intracellular domain (especially Y181, shown in black) is involved in ankyrin recruitment, a subunit interactions, and interaction with RPTPb (17) .
